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A PARPLMETRIC STUDY OF HYPERSONIC FLOW FIELDS ABOUT 

BLUNT-NOSED CYLINDERS AT ZERO A N G U  O F  ATTACK 

By James E .  Terry and Carlton S. James 

Ames Research Center 
Moffett Field,  C a l i f .  

SUMMARY 

A systematic study has been made of t he  e f f e c t s  of changes i n  Mach 
number, a l t i t ude ,  nose-drag coeff ic ient ,  and nose shape on the  flow f i e l d s  
over t he  afterbodies of blunt-nosed cylinders t rave l ing  a t  hypersonic speeds. 
Shock-wave p ro f i l e s  f o r  3 famil ies  of nose shapes were measured at Mach 
numbers of 5 ,  10,and 15 and a t  various stream dens i t i e s .  The f l o w  f i e l d s  
behind these shocks were obtained by stream-tube calculat ions.  It w a s  shown 
t h a t  the shock-wave shape and hence the  surface-pressure d i s t r ibu t ion  could 
not be predicted quant i ta t ive ly  by the  blast-wave theory.  The r a t e  of decay 
of surface pressure with w a s  d i f f e ren t  i n  equilibrium a i r  from t h a t  i n  
a perfect  gas .  Surface-pressure r a t i o s  and shock-wave shape were insensi t ive 
t o  changes i n  a l t i t u d e .  Temperature, density,  and, t o  a l e s s e r  extent,  
dynamic-pressure r a t i o s  vary appreciably with a l t i t u d e .  The thickness of the 
high-entropy layer  near the  body increases with both Mach number and drag 
coef f ic ien t .  A t  high drag coeff ic ients ,  t he  entropy d i s t r ibu t ion  w a s  re la -  
t i v e l y  insensi t ive t o  nose shape. However, a t  low drag coeff ic ients ,  the  
entropy f o r  conical bodies w a s  low near the  body compared t o  t h a t  f o r  bodies 
with detached shock waves, and corresponding differences were found f o r  the  
temperature, density,  and dynamic-pressure ra t ios  near t he  body. Surface 
temperature, density,  and dynamic-pressure r a t i o s  could not be correlated 
but could be readi ly  computed by means of  the surface-pressure correlat ion 
data  and the entropy behind the  appropriate shock wave. 

x/d 

INTRODUCTION 

The designer of  a vehicle f o r  f l i g h t  a t  hypersonic speeds must be able  t o  
make a reasonable predict ion of the  flow f i e l d  around the  body. Several meth- 
ods have been developed f o r  computing axisymmetric flow f i e l d s  over blunt 
bodies which couple method-of-characteristics solut ions f o r  the  supersonic 
pa r t  of  t he  f l o w  f i e l d  t o  a numerical solut ion of the  f l u i d  dynamics equations 
f o r  the  subsonic region ( r e f s .  1-3).  
bodies with subsonic corners and, i n  general, are d i f f i c u l t  t o  apply. Seiff  
and Whiting ( r e f .  4) proposed a simplified computing method, applicable t o  the 
afterbody only, which u t i l i z e d  an assumed form f o r  the  pressure d is t r ibu t ion  
between the  body and the shock wave, a known shock-wave p ro f i l e  and continuity 
r e l a t ions  t o  obtain a solut ion a t  any s t a t ion  i n  the  flow f i e l d  without solv- 
ing the e n t i r e  f i e l d .  A complementary study of shock-wave p ro f i l e s  w a s  pre- 
sented i n  reference 5 .  It i s  the  purpose of t h i s  repor t  t o  present the 

These methods a re  not applicable t o  



r e s u l t s  of a systematic study, using the  method of reference 4, of the  e f f ec t s  
of var ia t ions i n  Mach number, nose-drag coef f ic ien t ,  and nose shape on the  
flow f i e l d s  over the  afterbodies of some sharp and blunt-nosed cylinders.  
The e f f ec t s  of changes i n  gas propert ies  (perfect  and real gases) a r e  a l so  
explored. 

Since a prerequis i te  t o  the use of t h e  method of reference 4 i s  the  
possession of shock-wave p ro f i l e s ,  the  first p a r t  of t he  present paper i s  
devoted t o  an experimental program conducted t o  obtain the  required data.  
shock-wave p ro f i l e s  were measured from shadowgraphs of gun-launched free- 
f l i g h t  models f o r  t h e  following range of parameters: Mach number, 5, t o  20; 
nose-drag coef f ic ien t ,  0.5 t o  1.8; and nose shape, e l l ipso ids ,  cones, and 
sphere-cones. To supplement the  s ingle  comparison i n  reference 4 between an 
"exact" theory and the  method of reference 4, these results a re  then used t o  
generate solutions which can be compared with method-of-characteristics solu- 
t ions  and with experimental pressure d i s t r ibu t ion  results. After the  correla- 
t i on  of  these various results has been demonstrated, the  method of reference 4 
i s  then used t o  extend the parametric analysis  t o  bodies and f l i g h t  conditions 
fo r  which no solutions have heretofore exis ted.  
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SYMBOLS 

constant i n  shock-wave p ro f i l e  equation, defined by equation (3) 

nose-drag coef f ic ien t  as  calculated by modified Newtonian 
= 1.8) (cP,X 

P - P, 
4, 

pressure coef f ic ien t ,  

body diameter 

a l t i t u d e  

constant i n  shock-wave equation, defined by equation (3) 

Mach number 

Mach number of r a d i a l  growth of shock wave, MR = M, t an  cp 

constant i n  shock-wave equation, defined by equation (3) 

pressure 

dynamic pressure, - pV2 

model nose radius 

r ad ia l  coordinate or gas constant 

1 
2 

theory, 

dR =M"G 



R 

R e  

- (R)body 

ck) shock - (R)body 
dimensionless distance between body and shock wave, 

fT”cod Reynolds number, - 
Poo 

entropy 

temperature 

velo c it y 

a x i a l  coordinate measured from apex of shock wave 

) isentropic  exponent, = fg a t  low temperatures E :)constant entropy 

surface inc l ina t ion  measured f r o m  free-stream veloci ty  vector 

v i scos i ty  

densi ty  

-1 d B  shock-wave angle, t an  - 
dx 

Subscripts 

03 free-stream value 

s behind shock wave 

SHOCK-WAVE PROFILES 

Experimental Wave Shapes 

The experimental program produced shock-wave p ro f i l e s  fo r  systematically 
varying Mach number, nose-drag coef f ic ien t ,  and nose shape. The models were 
designed t o  have drag coef f ic ien ts  of  0.5, 0.9, 1 .3 ,  and 1.8 i n  each of three 
famil ies  of  nose shapes: 
Drag coef f ic ien ts  were calculated from modified Newtonian pressure d is t r ibu-  
t i ons  (Cp = 1.8 sin2 0) except for the  shallow angle cone f o r  which the  solu- 
t i ons  of reference 6 were used. The models were f i r e d  from a light-gas gun i n  
the  Ames Supersonic Free-Flight Wind Tunnel a t  nominal Mach numbers of 5 ,  10, 
and 15. Test conditions a re  tabulated i n  t ab le  I. 

e l l i p so ids ,  cones, and sphere-cones ( f i g s .  1 and 2 ) .  
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The required shock-wave p ro f i l e s  w e r e  measured from shadowgraph pictures  
taken of t he  models i n  f l i g h t .  Sample shadowgraphs a re  shown i n  f igure 3. A 
more de ta i led  discussion of t he  data  reduction procedure is  given i n  appen- 
d i x  A. The coordinate system used i n  t h i s  report  (sketch ( a ) )  d i f f e r s  from 
t h a t  used i n  many repor t s  i n  t h a t  the  or ig in  i s  a t  the  apex of the  shock wave 
ra ther  than the  apex of t he  model. 

R 

Sketch (a) 

The e f f ec t s  o f  the  three  t e s t  var iables  on shock-wave shape a re  displayed 
m o s t  c l ea r ly  when the  wave p ro f i l e s  a re  p lo t ted  i n  logarithmic coordinates; 
see f igures  4 and 5. 
dependence on Mach number and drag coeff ic ient  f o r  the  e l l i p so id  family. 
Figure 5 i l l u s t r a t e s  the  combined e f f ec t s  of nose shape and drag coef f ic ien t .  
It i s  apparent t h a t  some portions of  t he  shock-wave p ro f i l e s  are  exponential 
( s t ra ight - l ine  segments i n  the  log plane) ,  while other  portions,  ch ie f ly  a t  
la rge  

The p ro f i l e s  of f igure  4 a re  arranged t o  show the 

x/d, depart s ign i f i can t ly  from t h i s  form. 

Figure 5 shows t h a t  wave shape i s  a f fec ted  by body nose shape i n  the  nose 
region, but, a s  implied by b l a s t  wave theory ( r e f s .  7 and 8) ,  i s  nearly inde- 
pendent of  nose shape f a r the r  downstream. Since a l l  nose shapes approach 
congruence ( f l a t  face) as the  drag coeff ic ient  approaches 1.8, the region over 
which the waves d i f f e r  s ign i f i can t ly  decreases i n  s i z e  with increasing drag 
coef f ic ien t .  It i s  worth noting i n  f igure 5 (c )  t h a t  f o r  the  1 . 3  drag coeffi-  
c ien t  cone, the  f ron t  pa r t  of the  wave w a s  conical a t  the  highest  Mach number 
( i n i t i a l  slope of l.O), but w a s  curved a t  the  two lowest Mach numbers ( i n i t i a l  
slope < 1 .O)  , indicat ing incipient  detachment. 

Analytical Representation f o r  El l ipsoids  

Use of the  machine program wri t ten t o  perform the  stream-tube calcula- 
t i ons  of  reference 4 requires  an ana ly t ica l  representation of the shock-wave 
p ro f i l e .  An attempt w a s  therefore  made t o  obtain the  bes t  possible ana ly t ica l  
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I 

representation of t he  experimental p ro f i l e s .  
e l l i p so id  family of nose shapes, being the  most regular,  were considered 
f irst  . 

The wave p ro f i l e s  f o r  the  

The f irst  approximation blast-wave predict ion f o r  shock-wave shape 
( r e f s .  7 and 8) i s  expressed as 

In f igure 4, t h i s  would be represented by l i n e s  with a slope of 1/2 crossing 
the  x/d = 1.0  l i n e  a t  0.795 CD1I4. 
blast-wave predict ion the  l i n e s  a re  not s t r a igh t  and the  slope of the i n i t i a l  
portion var ies  with both Mach number and drag coef f ic ien t .  
i n  references 4 and 5 ,  modified equation (1) t o  the form 

It can be seen t h a t  contrary t o  the  

Seiff  and Whiting, 

E = constant d 

which again i s  a s t r a igh t  l i n e  i n  the  log plane having a slope of 
constant i s  the  value of  
x/d which depends on CD and &, t h i s  equation does not have the  proper 
asymptotic behavior ( f i n i t e  slope as 
f o r m  w a s  se lected since near the  nose the  equation reduces t o  the  form of (2) 
and far downstream the  slope i s  f i n i t e .  

n and the  
R/d a t  x/d = 1.0 .  Although useful over a range of 

x/d + a). An equation o f  hyperbolic 

Equation (3) i s  a hyperbola i f  n i s  equal t o  1/2. It w a s  subsequently dis- 
covered t h a t  the second approximation blast-wave equation ( r e f .  8) can be 
wri t ten i n  t h i s  f o r m  where 

7 

n = 1/2 J 
and therefore  predicts  t h a t  the shock wave i s  a hyperbola. A s  shown i n  
f igure 4 the  i n i t i a l  slopes are not,  i n  general ,  1/2, and it w a s  therefore  
decided t o  obtain empirical f i t s  of equation (3) t o  the  da ta  f o r  t h e  e l l i p s -  
o ids .  The experimental data  were f i t t e d  by a l e a s t  squares routine and the  
resu l t ing  values of  t he  constants k, a, and n a re  given i n  table I and 
p lo t ted  i n  f igure 6 .  To c l a r i f y  the  physical meaning of these constants it 
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should be noted t h a t  k i s  the slope of t he  asymptote and n i s  the  i n i t i a l  
slope i n  the log p l o t .  A value of n of 1.0 means t h a t  the  i n i t i a l  portion 
of the  wave is  a cone while a value of zero would indicate  a s tep  function. 
There i s  no physical in te rpre ta t ion  of a .  It can be seen i n  f igure  6 t h a t  
k has the same var ia t ion  with Mach number as a Mach l i n e  but increases with 
drag coef f ic ien t .  No physical  significance i s  attached t o  t h i s  increase.  
Rather, it i s  thought t o  indicate  t h a t  the  form of equation used is  only an 
approximation t o  the  correct  form.  The value of n is  seen t o  decrease with 
both Mach number and drag coef f ic ien t  and t o  vary appreciably from the value 
of 1/2 predicted by blast-wave theory. 
blast-wave theory assumes t h a t  the  body has zero thickness.  

This i s  not surpr is ing since the 

The regular behavior of the  constants k, a, and n, as shown i n  f igure 6, 
suggested t h a t  correlat ions could possibly be found. Attempts t o  use the 
blast-wave parameters as a bas is  f o r  correlat ion were unsuccessful; however, 
empirical correlat ions were found and the  r e s u l t s  reported i n  reference 9. 
For convenience the  correlat ion equations are repeated below: 

\ 

-0 -07 
0.274+1. ls[cDo.75(~2-1) 1 

-0.237 C o*75 
0.646e D n =  

0.034 
(CDow5 Q2) i ( 5 )  

and are  p lo t ted  i n  f igure 6 .  
t o  represent the  experimental wave ordinates within 4 percent fo r  Mach num- 
bers f rom 5 t o  15. 

Some jus t i f i ca t ion  f o r  the use of these equations t o  Mach numbers as 
high as 20 may be found in  f igure 7.  The symbols define the measured shock 
p ro f i l e s  of hemisphere models f i r e d  through s t i l l  a i r  a t  Mach numbers of 16.4 
and 20.4. The curves were calculated by means of equations (3) and ( 5 ) .  
Agreement i s  s t i l l  within 4 percent a t  a Mach number o f  20.4. 

The use of  equations (3) and ( 5 )  has been found 

Analytical  Representation fo r  Cones and Sphere-Cones 

The experimental waves fo r  the cones and sphere-cones were divided in to  
segments t o  which equations of parabolic form, hyperbolic form, or a form 
which p lo t s  as a c i rcu lar  a r c  in  the  log plane were f i t t e d .  It should be 
noted tha t  the manner i n  which the  segments jo in  w i l l  a f f ec t  the flow-field 
calculat ions.  If there  i s  a discont inui ty  i n  wave slope a t  the  jo in t ,  there  
w i l l  be a discont inui ty  i n  the densi ty  and temperature p ro f i l e s  normal t o  the  
body. A discont inui ty  i n  the second der ivat ive of the wave w i l l  cause a dis-  
continuous slope i n  the  density and temperature p ro f i l e s .  For the  present 
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investigation, the  constraint  imposed on the  ana ly t ic  representations of the  
waves w a s  t h a t  t he  ordinates  and f i rs t  der ivat ives  m u s t  be continuous but  
t h a t  higher der ivat ives  need not be.  

Significance of Total Enthalpy as a Parameter 

The present experimental program w a s  conducted a t  t o t a l  enthalpies f a r  
below those of f l i g h t  i n  the  atmosphere a t  the  same Mach numbers. The ques- 
t i o n  of t he  e f f ec t  of t o t a l  enthalpy on the  shock-wave p ro f i l e s  is  therefore 
of i n t e r e s t .  Se i f f  suggested i n  reference 5 t h a t  a t  high Mach numbers, the  
shock-wave shape w a s  pr imari ly  a function of t o t a l  enthalpy ra ther  than Mach 
number. Some conclusions can be drawn concerning t h i s  question i f  we r e f e r  
again t o  t he  wave p ro f i l e s  i n  f igure  7 .  Total enthalpy of the  still-air shot 
a t  M = 16.4 w a s  approximately four times t h a t  of the  shots from which the  
correlat ions were obtained, and the  density w a s  about one-quarter of t h a t  of 
the  other shots  a t  comparable Mach numbers. One may conclude t h a t  the  four- 
fo ld  increase i n  t o t a l  enthalpy had no s ignif icant  e f f ec t  on the  wave shape. 
The solutions of reference 10 indicate  t h a t  the var ia t ions  i n  free-stream 
densi ty  have l i t t l e  e f f ec t  on the  shock-wave p ro f i l e s .  
reinforced by the agreement of the  experimental and predicted p ro f i l e s  a t  
M = 20.4, where the  t o t a l  enthalpy fo r  the  experimental p ro f i l e  w a s  approxi- 
mately six t i m e s  t h a t  of t he  tests from which the correlat ions were obtained. 
There is, of course, t he  p o s s i b i l i t y  t h a t  a t  t h i s  Mach number, an e r ro r  due 
t o  extrapolation of the  cor re la t ion  equations could mask an enthalpy e f f ec t  
if t h e  two e f f ec t s  compensated one another. The experimental wave shape a t  
M = 20.4 w a s  a l so  compared with the  predictions of reference 5 .  The predic- 
t i o n  based on Mach number w a s  i n  good agreement, while t h a t  based on t o t a l  
enthalpy w a s  not .  The foregoing comparisons tend t o  indicate  tha t  Mach 
number i s  the  important parameter ra ther  than t o t a l  enthalpy. 

This conclusion is  

EVALUATION O F  METHOD OF ANALYSIS 

The computation method, as presented i n  reference 4 and hereinaf ter  
ca l led  the  stream-tube method, i s  based on three main assumptions: (1) the  
f l o w  along streamlines i s  isentropic  between the  bow-shock wave and the sta- 
t i o n  being considered, (2) the  flow is  p a r a l l e l  t o  the  vehicle ax is ,  and (3) 
the  shape o f  the  pressure d i s t r ibu t ion  along rays,  normal t o  the  vehicle ax i s  
between the  body and the  shock wave, i s  known. The ac tua l  pressure l e v e l  i s  
then found by an i t e r a t i v e  procedure using conservation of mass and the 
entropy d i s t r ibu t ion  as found from the  shock-wave p ro f i l e .  The f i rs t  of the  
above assumptions i s  va l id  f o r  equilibrium flow i f  there  a re  no embedded shock 
waves between the  bow-shock wave and the  s t a t ion  of i n t e r e s t  and i f  there  is  
no energy t ransport  across streamlines.  The second assumption r e s t r i c t s  the  
method t o  the  cy l indr ica l  port ion of the  vehicle and is  thought t o  introduce 
only small e r ro r  for t he  shapes considered. The key t o  success of t he  stream- 
tube method l i e s  i n  assumption ( 3 ) ,  and t h i s  w i l l  be explored fur ther  i n  the  
comparisons with method-of-characteristics solut ions below. 



In the present program, as in reference 4, it is assumed that the form of 
the pressure distribution normal to the body is that predicted by the first- 
approximation blast-wave analogy (ref. 7). A comparison of this distribution 
with that obtained from an equilibrium-air method-of-characteristics solution 
for a hemisphere cylinder at 20,000 feet per second is given in reference 4 
and shows substantial agreement between the two methods. 
with a method-of-characteristics solution (ref. 1) is given in figure 8 for a 
hemisphere cylinder at a Mach number of 7.7. Although the evaluation of 
assumption (3) is concerned primarily with the pressure distribution, density 
and velocity distributions are also shown. 
experimental data by Kubota from reference 11. The method-of-characteristics 
solution represents the details of the field better than does the present 
method. At other stations both solutions are qualitatively similar except at 
the shoulder (fig. 8(a)), where the blast-wave pressure distribution is mark- 
edly different from that of the characteristics solution. The agreement for 
density and velocity is similar and tends to further justify assumption (2). 
The fact that the agreement between the two methods for the cases of figure 8 
is not as good as that shown in reference 4 for a higher Mach number is 
thought to be due to the low Mach number of the present comparison. 
ence 8, it was shown that the second-approximation blast-wave prediction gave 
good agreement with the data shown in figure 8 ( c ) ;  it might therefore be 
argued that the stream-tube method might be improved by the use of the second 
approximation. The difference between the first- and second-approximation 
blast-wave solutions is briefly discussed in appendix By where it is shown 
that the second approximation is unrealistic for many conditions. Therefore 
all the computations herein reported utilized the first-approximation blast- 
wave pressure distribution. 

A further comparison 

Included in figure 8(c) are 

In refer- 

The results of solutions by the method of characteristics (ref. 12) and 
the stream-tube method are compared further in figure 9 for the case of a 
hemisphere cylinder at 36,000 feet per second at 100,000 feet altitude (equi- 
librium air). 
taken from the solution of reference 12. 
was required in obtaining the analytical fit to the shock wave so that the 
correct pressure behind the shock wave was obtained. Although the shape of 
the pressure distribution curves are similar for the two methods, surface 
pressures disagree significantly for the more forward stations. E r r o r s  due 
to flow angularity near the shock wave (not accounted for in the stream-tube 
method) are possibly significant in this case. 

The shock-wave profile required by the stream-tube method was 
It should be noted that great care 

All the above comparisons have been for hemisphere cylinders. To evalu- 
ate the method for other types of nose shape, a further comparison is made 
with unpublished calculations by Lomax (perfect gas method of characteristics) 
for a cone-sphere cylinder at a Mach number of 14.4 (fig. 10). The pressure 
distribution differs significantly for the most forward station but agrees in 
form for the other three stations. In addition, good quantitative agreement 
is obtained at x/d = 2.2 and 4.2. At x/d = 7.7, the slope of the shock 
wave (as shown by pressure behind the shock wave) differs significantly, 
resulting in poorer quantitative agreement. 
of good analytical fits to the experimental shock waves. 
a knee in the pressure distributions from the characteristics solutions. 

This illustrates the importance 
Note that there is 
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Since a change i n  the  sign of the  pressure gradient normal t o  the  streamlines 
indicates  a change in  the  d i rec t ion  of curvature of the  streamlines, the  
charac te r i s t ics  solut ion indicates  t h a t  t he  streamlines change from convex t o  
concave i n  r e l a t ion  t o  the body i n  going from the body t o  the  shock wave a t  
the  two forward s t a t ions .  x/d = 4.2, the  streamlines would be concave, 
convex,and then concave again. It i s  not known at present i f  t h i s  i s  a rea l -  
i s t i c  solut ion.  

At 

Although charac te r i s t ics  solut ions a re  frequently considered t o  be 
exact,  it should be pointed out t h a t  numerical e r rors  can be s igni f icant .  For 
example, f o r  the  above case, e a r l i e r  calculat ions made with the  l i n e a r  entropy 
interpolat ion procedure o f  reference 1 washed out the  constant-entropy pa r t  
of the  flow f i e l d  ( tha t  pa r t  which came through the  conical pa r t  of the  shock 
wave) before it reached the  cylinder.  The program has since been changed t o  
use a quadratic entropy-interpolation method and t h i s  procedure w a s  used f o r  
the solution of f igure  10. 
equations a re  exact,  the  solutions a re  always subject t o  inaccuracies of t h i s  
type.  

Thus it i s  well t o  keep i n  mind t h a t  while the 

In summary, the stream-tube method has been compared t o  method-of- 
charac te r i s t ics  solutions fo r  hemisphere cylinders and f o r  a 46O cone-sphere 
cylinder.  Although the  accuracy of the  stream-tube method i s  l imited by the  
assumption of the pressure d i s t r ibu t ion  form, it has been shown t o  compare 
favorably with the  charac te r i s t ics  solut ions except near the  nose (x/d < 2 ) .  

RESULTS AND DISCUSSION 

The f l o w  propert ies  i n  the  shock layer  were computed fo r  shock-wave 
s t a t ions  1, 2, 4, 8, and 16 body diameters f o r  each model l i s t e d  i n  t ab le  I. 
To r e l a t e  these s t a t ions  t o  body s t a t ions ,  the shock-wave stand-off distance 
must be subtracted from the  shock-wave s ta t ions;  fo r  most conditions, the  
difference i s  unimportant. Calculations were attempted f o r  all cases f o r  
equilibrium a i r  a t  an a l t i t u d e  of 100,000 f e e t .  Due t o  some interpolat ion 
problem i n  the machine use of  the  equilibrium-air t ab l e s ,  a few cases could 
not be solved f o r  these conditions. In  addition, solutions were obtained f o r  
the  e l l i p so id  noses f o r  idea l  a i r  ( y  = 1 . 4 )  and fo r  t he  hemisphere cylinder 
a t  Mach numbers of  10 and 13 f o r  a l t i t u d e s  of  30,000 and 200,000 f e e t  (see 
tab le  below). 

Alti tude,  Pres sure, Density , Temperature, 
f t  l b / f t 2  s lug/f t3  OR 

>o,ooo 243.6 0.3639(10)-~ 390 -1 

100,000 23 -09 .3211(10) -4 419.1 

200,000 .475 .6061 (io) -6 437 -1 
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Since changes in free-stream density and total enthalpy have little effect on 
the shock-wave shape, the same shock waves were used in the calculations for 
the hemisphere cylinder at the various free-stream conditions. 

The calculations performed for this study yielded distributions of 
p/p,, q/qoo, p/p,, T/T,, and V/V, throughout the flow fields of the system- 
atically selected bodies. The streamwise variations along the body surface 
are treated first and compared with the results of other studies; the flow 
properties between the surface and the shock wave are discussed subsequently. 
In each of these sections, the effects of changes in altitude, Mach number, 
nose-drag coefficient,and nose shape are considered independently. The 
effects of changes in gas properties (perfect and real gases) are also 
explored. 

Surface Properties 

Several authors have found that surface pressures on the cylindrical 
afterbody are independent of nose shape for a given Mach number and drag 
coefficient and can be correlated by the blast-wave parameter 
(cf. refs. 1-3 and 14) . 
the present investigation. Note that all the configurations studied are 
represented in this figure. Also shown by the filled symbols are results 
from method-of-characteristics solutions from references 10 and 12 (hemisphere 
cylinders in equilibrium air). 
the blast-wave parameter is similar for the two methods, the pressure-ratio 
levels are noticeably different. The greatest differences occur as the 
pressure ratios approach 1 and thus would not be likely to cause serious 
errors in estimating loads. 

(x/d)/&2CD1/2 
As shown in figure 11, a similar result was found in 

Although the variation of pressure ratio with 

Also shown in figure 11 are the first and second blast-wave approxima- 
tions for perfect air and the correlation curves (derived from perfect-air 
method-of-characteristics solutions) from reference 15 for y = 1.4 and 
y = 1.2. Except for pressures at stations closer than two diameters from the 
nose, it is evident that the pressure decays more slowly than predicted by 
the blast-wave analogy or the correlation curves of reference 15. It was 
suggested in reference 15 that surface-pressure ratios for various gases 
could be correlated with a modification of the blast-wave parameter which 
included a function of y and that the stagnation-point value of y should 
be used in the correlation. For the equilibrium-air method-of-characteristics 
solutions shown in figure 11, the stagnation-point value of y is less than 
1.23 for Mach numbers equal to or greater than 10. It can be seen that the 
equilibrium-air characteristics solutions agree better with the 
correlation equation than with the y = 1.2 correlation. It therefore seem 
that the correlation method proposed in reference 15 does not predict the 
results obtained from equilibrium-air method-of-characteristics solutions. 

y = 1.4 

In addition to the surface-pressure distribution, temperature at the edge 
of the boundary layer, dynamic pressure, and other quantities must also be 
known for many purposes. If the body supports a normal shock wave at the 
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nose, t he  entropy on the  body streamline i s  not a function of body shape o r  
drag coeff ic ient  but of t he  free-stream conditions only. It has previously 
been shown t h a t  pressure on the  afterbody is  independent of the nose shape. 
Since a l l  other flow propert ies  are uniquely determined by entropy and pres- 
sure, these other propert ies  a re  a l so  independent of nose shape f o r  bodies 
which support a normal shock wave. 

Typical var ia t ions of pressure, temperature, density,and dynamic pressure 
along the  body a re  shown i n  f igure  12. In  general, all propert ies  decrease' 
with increasing 
propert ies .  In par t icu lar ,  t he  temperature r a t i o s  decrease with increasing 
x/d 
increased number of modes of energy storage i n  equilibrium a i r  as compared t o  
a perfect  diatomic molecule. A n  i l l u s t r a t i o n  of t h i s  fact can be obtained by 
constructing temperature-pressure diagrams f o r  these conditions f o r  an isen- 
t rop ic  expansion from the  stagnation conditions. A s  an addi t ional  in te res t ing  
feature ,  it w i l l  be found t h a t  the equilibrium-air  temperature is  sometimes 
higher than tha t  fo r  perfect  a i r  a t  the  lower pressures.  This r e s u l t  can be 
seen i n  f igure 12 .  Note t h a t  t he  dynamic pressure r a t i o  is, i n  general, lower 
f o r  equilibrium a i r  than f o r  a perfect  gas.  Except f o r  surface-pressure 
r a t io s ,  which do not vary appreciably with gas propert ies  ( f i g .  ll), attempts 
t o  cor re la te  the propert ies  were unsucessful. These propert ies  can, however, 
be readi ly  calculated.  The surface pressure from f igure 11 and the calculated 
entropy behind the  appropriate shock wave can be used t o  f ind  a l l  other prop- 
e r t i e s  f romthe  thermodynamic char t s  of reference 16 or 17.  To a i d  i n  making 
t h i s  calculat ion rapidly,  the  entropy i n  equilibrium a i r  behind a normal shock 
wave as a function of veloci ty  and a l t i t u d e  is  presented i n  f igure  13.  For 
t h i s  f igure,  the  var ia t ion  of pressure and densi ty  with a l t i t u d e  w a s  taken 
from reference 18. 
appropriate ve loc i ty  is, of course, the  ve loc i ty  normal t o  the  shock wave. 

x/d but the  d e t a i l s  are functions of the  gas thermodynamic 

more slowly f o r  equilibrium a i r  than f o r  a perfect  gas as a r e s u l t  of the 

To use t h i s  char t  f o r  bodies with conical shock waves, the 

The var ia t ions  of pressure, temperature, density,  and dynamic-pressure 
ratios on the body surface with drag coef f ic ien t  and free-stream Mach number 
f o r  one s t a t ion  (x/d = 4.0) a re  shown i n  f igure 1 4 .  
temperature r a t i o s  increase with increases in  both drag coef f ic ien t  and Mach 
number, while densi ty  and dynamic-pressure ra t ios  increase with increasing 
drag coeff ic ient  and decrease with increasing Mach number. Again, it i s  
evident t h a t  the  var ia t ions  f o r  equilibrium a i r  are not so regular  as those 
f o r  a perfect  gas.  

In  general, pressure and 

Although the  information contained i n  f igure 14 w a s  obtained from 
solut ions for ellipsoid-nosed bodies, the  information i s  va l id  f o r  any bodies 
which have detached bow waves a t  the  nose. For conical-nosed bodies, on the  
other  hand, the  pressure r a t i o  along the  body i s  as shown i n  f igure  11, but  
the  entropy on the  surface streamline is lower than f o r  t he  e l l i p so ids .  The 
surface values of temperature, density, and dynamic-pressure r a t i o s  f o r  cones 
are compared, f o r  For the  
cones with low drag coef f ic ien ts ,  temperature r a t i o s  a t  the  afterbody surface 
a re  much lower than f o r  the  e l l ipso ids ,  and densi ty  and dynamic-pressure 
r a t i o s  a re  much higher.  The cone with a drag coef f ic ien t  o f  1 . 3  had a 
detached shock wave f o r  Mach numbers of 5 and 10. Therefore the  surface 

x/d = 4.0, t o  those f o r  e l l i p so ids  i n  f igure  15. 
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propert ies  a re  approximately equal t o  those f o r  the  corresponding e l l i p so id .  
A t  a Mach number of 15, however, the  shock wave w a s  at tached and the surface 
propert ies  d i f fe red  fromthose f o r  the  e l l i p s o i d .  
pressure r a t i o  increases s l i g h t l y  with drag coef f ic ien t  f o r  the  e l l ipso ids  
because of the  increasing s ta t ic-pressure r a t i o  but  decreases rapidly with 
increasing drag coef f ic ien t  f o r  the cones u n t i l  the  cone angle f o r  shock-wave 
detachment is  reached. 

Note t h a t  t he  dynamic- 

Surface values of temperature, density, and dynamic-pressure r a t i o s  f o r  
the  hemisphere cylinder (x/d = 4.0) have been rep lo t ted  i n  f igure 16 t o  show 
more c l ea r ly  the  var ia t ions  with Mach number. The comparisons at a Mach 
number of 35.9 f o r  a perfect  gas and f o r  a l t i t u d e s  of 5O,OOO and 200,000 f e e t  
were obtained using the  entropy f o r  36,000 f e e t  per second a t  the  appropriate 
a l t i t u d e  and the  s ta t ic-pressure r a t i o  from reference 12.  The var ia t ion  o f  
dynamic-pressure r a t i o s  shows t w o  important r e s u l t s  which bear on the  s t ab i l -  
i t y  of f la re -s tab i l ized  bodies. F i r s t ,  dynamic-pressure r a t io ,  and therefore 
flare effectiveness,  decreases with increasing Mach number ( r e f .  l 9 ) ,  and 
second, dynamic-pressure r a t i o s  a re  approximately 25 t o  30 percent lower i n  
equilibrium air  than i n  perfect  a i r  over the high Mach number range. 
suggests t h a t  high Mach number t e s t s  a t  low t o t a l  enthalpy could overpredict 
the  s t a b i l i t y  of f l a r ed  bodies. 

This 

From these r e su l t s ,  one i s  l e d  t o  study the  e f f e c t s  of nonequilibrium 
f l o w  on the  dynamic-pressure r a t i o .  A b r i e f  comparison w a s  made using the 
following assumptions: the  surface-pressure r a t i o  is  the  same as i n  the  
equilibrium case a t  the same Mach number, t he  flow i s  i n  equilibrium up t o  
the  stagnation point,  and the chemistry and v ibra t iona l  energy are frozen i n  
the  flow over the afterbody a t  the stagnation-point values.  When the  shock- 
wave solution f o r  100,000 f e e t  a l t i t u d e  w a s  used, the  dynamic-pressure r a t i o  
w a s  found t o  be everywhere greater  than the  perfect-air  curve i n  f igure 16.  
Since the  assumption of  unchanged surface-pressure r a t i o  i s  subject t o  
question ( r e f .  20), the  pressure r a t i o  ( f o r  
f r o m  5 t o  20 (p/p, = 14 nominal) with the consequent var ia t ion  of the  
dynamic-pressure r a t i o  from 0.140 t o  0.282 (q/% = 0.113 a t  p/p, = 1 4  i n  
equilibrium a i r ) .  
higher dynamic-pressure r a t i o s  than equilibrium flow along the afterbody, 
again suggesting tha t  the  s t a b i l i t y  of f l a r ed  bodies may be sensi t ive t o  f l o w  
chemistry. 

V = 36,000 f t / s ec )  w a s  varied 

Thus frozen flow, as well as perfect-gas flow, gives 

Flow Properties Between Surface and Shock Wave 

Since the  bas ic  assumption of the computation method w a s  t h a t  the  fo rm 
of the pressure d i s t r ibu t ion  between the body and shock wave i s  known, it is  
necessary only t o  consider the  boundary values.  The surface pressures have 
been discussed previously ( f i g .  11) and ce r t a in  f a c t s  about the  pressure 
behind the  shock wave can be determined f r o m  t he  shock waves previously 
presented. 
the  same in  equilibrium a i r  as i n  perfect  air and the  shock-wave shape i s  
r e l a t i v e l y  independent o f  nose shape downstream of  t he  nose, the pressure 

Since the  pressure increase across a shock wave i s  approximately 
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r a t i o  behind the shock wave i s  a l so  independent of a l t i t u d e  and nose shape. 
Further, it can be shown t h a t  the pressure behind the shock wave has approxi- 
mately the  same parametric var ia t ion  as the  surface pressure.  The pressure 
d is t r ibu t ions  are therefore not shown since t h i s  would involve simply repet i -  
t i o n  of the  assumed d i s t r ibu t ion  with end points  whose values can be obtained 
from the  information previously given. For propert ies  other than pressure, 
however, the  values i n  the  shock layer  vary with the entropy d i s t r ibu t ion  and 
these var ia t ions w i l l  be discussed i n  more d e t a i l  below. 

F i r s t  the e f f ec t s  of a l t i t u d e  on the  r a d i a l  p ro f i l e s  of temperature, 
density,  and dynamic-pressure r a t i o s  are shown i n  f igure  17. 
portion of the  shock layer  where the  flow has passed through a r e l a t i v e l y  
weak wave, the  a l t i t u d e  e f f ec t s  a r e  small. Near the  body however, the 
e f f ec t s  are s izable ,  pa r t i cu la r ly  on the  temperature r a t i o s .  A s  previously 
shown with the  e f f ec t s  on surface properties,  these r e s u l t s  do not lend 
themselves t o  generalizations but must be calculated f o r  each s i tua t ion .  

In  the  outer  

To i l l u s t r a t e  t he  e f f e c t s  of Mach number, drag coeff ic ient ,  and nose 
shape on the  flow f i e lds ,  a number of calculat ions f o r  equilibrium a i r  a t  
100,000 f e e t  a l t i t u d e  have been made. The e f f e c t s  of Mach number on the flow 
propert ies  i n  the  shock layer  fo r  the  0.5 and 1.8 drag-coefficient e l l i p so ids  
a re  shown i n  f igure  18. Note t h a t ,  as previously shown, the temperature near 
the  body decreases with increasing x/d. However, a t  some distance away from 
the  body, temperature increases with increasing x/d f o r  the higher Mach 
numbers. This i s  not t o  say t h a t  temperature increases along a streamline 
but that ,  despi te  the assumption of purely a x i a l  flow at  any s ta t ion ,  t he  
streamlines a re  diverging with respect t o  the  body. 
Mach number a re  t h a t  both t h e  magnitude of the  changes i n  flow propert ies  i n  
the  high entropy layer  near the  body and the s i ze  of t h i s  layer  are increased 
with increasing Mach number. 

The general e f f ec t s  of 

The e f f ec t s  of  var ia t ions  i n  drag coef f ic ien t  on the  flow propert ies  are  
shown i n  f igure 19. In  general, increasing drag coeff ic ient  increases the  
shock-layer thickness and a l so  the  thickness of the  high en t ropy laye r .  
shape of t he  outer portion of the  p ro f i l e s  i s  not appreciably changed by 
changes i n  drag coef f ic ien t .  

The 

A t  higher Mach numbers, t he  recombination react ions become important i n  
the region of i n t e r e s t  of t h i s  report  as shown i n  f igure 20. In  t h i s  f igure,  
there  i s  an i r r egu la r i ty  i n  the  temperature p ro f i l e  i n  the  region near 
T/Tm = 14.0.  
dens i t i e s  f o r  t h i s  condition, t he  oxygen i s  almost completely dissociated 
near the  body but  i s  a lmost  completely combined f o r  temperatures below 12 
times free-stream temperature. Since dissociat ion temperatures depend on the  
density,  i r r e g u l a r i t i e s  i n  the  temperature p ro f i l e s  such as t h i s  m u s t  vary i n  
posi t ion with both Mach number and a l t i t u d e .  

This r e s u l t s  from the recombination of oxygen. A t  the  

The e f f ec t s  of changes i n  nose shape a re  shown i n  f igure  21. A s  
previously explained, changes i n  the  nose shape f o r  a given drag coef f ic ien t  
have l i t t l e  e f f e c t  on the  surface propert ies  i f  the  bow wave is  detached. 



Large differences were, however, found between bodies having attached conical 
shock waves and those having detached shock waves ( f i g .  13). 
f i e l d  along normals t o  t he  body, the  s i t ua t ion  i s  more complicated and any 
change i n  the  entropy d i s t r ibu t ion  (shock-wave shape) produces a corresponding 
change i n  the d i s t r ibu t ion  o f  f l o w  propert ies .  With conical shock waves, a 
region of e s sen t i a l ly  constant propert ies  e x i s t s  near t he  body which corre- 
sponds t o  t h a t  pa r t  of t he  flow which came through the  conical pa r t  of the  
shock wave. For the  sphere-cones, a s imilar  region of e s sen t i a l ly  constant 
propert ies  e x i s t s  a t  a distance away from the  body - again t h a t  pa r t  of the  
flow which came through the s t r a igh t  pa r t  of t h e  shock wave. For a drag 
coef f ic ien t  of 1 .3 ,  t he  shock waves a re  not g r e a t l y  d i f f e ren t  f o r  the  three 
types of noses ( f i g .  3 ( c ) )  and ne i ther  are the  f l o w  f i e l d s .  Since the  body 
shapes approach congruence as drag coef f ic ien t  approaches 1.8, the  flow f i e l d s  
must a l s o  display the  s a m e  t rend.  Rather l a rge  differences are seen i n  the 
flow f i e l d s  of bodies with a drag coef f ic ien t  of 0.9 as would be expected from 
the var ia t ion  i n  shock-wave shapes ( f i g .  3 ( b ) ) .  For a drag coef f ic ien t  of 
0.3, the  sphere-cone shock wave i s  again approaching t h a t  of the  e l l i p so id  
( f i g .  ? (a ) )  and therefore  only small differences are seen i n  the  flow f i e l d s  
f o r  these bodies. The cone nose, however, now supports a very weak shock wave 
and there  a re  la rge  differences between the  flow f i e l d s  f o r  the  conical noses 
and those fo r  t he  other  noses. For a l l  drag coef f ic ien ts ,  the  outer pa r t  of 
the f l o w  f i e l d  i s  l i t t l e  affected by changes i n  nose shape. 

In  the  flow 

SUMMARY OF RESULTS 

A systematic study has been made of the  e f f e c t s  o f  changes i n  Mach 
number, a l t i t ude ,  nose-drag coefficient, and nose shape on the flow f i e l d s  over 
the  afterbodies of blunt-nosed cylinders t rave l ing  a t  hypersonic speeds. 

It was shown t h a t  the  var ia t ions  i n  surface-pressure d is t r ibu t ions  were 
s i m i l a r  t o  those predicted by blast-wave theory; t h a t  is, except i n  the  nose 
region, they were primarily functions of nose-drag coeff ic ients  and Mach 
number with only small influences of nose shape. 
not,  however, quant i ta t ive ly  accurate.  

The blast-wave theory i s  

The r a t e  o f  decay of surface pressure with x/d w a s  found t o  be 
d i f f e ren t  i n  equilibrium a i r  from t h a t  predicted by blast-wave theory o r  by 
method-of-characteristics solutions f o r  perfect  gases.  

Surface values of  temperature, density,  and dynamic-pressure r a t i o s  could 
not be correlated but could be readi ly  computed by means of the surface- 
pressure correlat ion data  and the  entropy behind the  appropriate shock wave. 

The thickness of the  high entropy layer  near the body w a s  found t o  
increase with both Mach number and drag coef f ic ien t .  A t  high drag coeffi-  
c ients ,  the  entropy d i s t r ibu t ion  w a s  r e l a t i v e l y  insens i t ive  t o  nose shape. 
However, at  low drag coeff ic ients ,  the  entropy f o r  conical bodies w a s  low i n  



t h i s  region compared t o  t h a t  f o r  bodies with detached shock waves. Corre- 
spondingly la rge  differences were found f o r  temperature, density,  and dynamic 
pressure r a t i o s .  

Surface-pressure r a t i o s  and shock-wave shape w e r e  found t o  be insens i t ive  
t o  changes i n  a l t i t u d e .  Temperature, density, and, t o  a l e s s e r  extent,  
dynamic-pressure r a t i o s  were found t o  vary appreciably with changes i n  
a l t i t u d e .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, C a l i f . ,  Feb. 7, 1964 



APPENDM A 

MEASUREMENT OF SHOCK-WAVE PROFILE3 

Shock-wave p ro f i l e s  f o r  the  previously described experimental program 
( tab le  I, f i g s .  1 and 2) were obtained from shadowgraph pictures  taken with 
two types o f  shadowgraph systems and a sample of each is  shown i n  f igure  3. 
Since, i n  general, the  models were not a t  zero angle of a t t ack  in  any of the 
pictures ,  the  following data-analysis procedure w a s  adopted t o  minimize angle- 
of-attack e f f e c t s  on the  da ta .  For each t e s t ,  da ta  were taken from two 
orthogonal views of the  model a t  the two s t a t ions  having the smallest resu l t -  
ant  angle of a t t ack .  The x ax is  w a s  se lected t o  be p a r a l l e l  t o  the  refer-  
ence wire (located below the  model i n  f i g .  3(a)  and above the  model i n  
f i g .  3 ( b ) )  so  as t o  b i sec t  the  shock wave near the  downstream edge of the  
p ic ture .  Flight-path angle with respect t o  t h i s  reference wire w a s  l e s s  than 
0.2O. Because of the  model angle of a t tack,  t he  x axis  did not necessar i ly  
pass exact ly  through the  stagnation poin t .  The or ig in  of the coordinate 
system w a s  then s e t  so t h a t  the R axis passed through the  most forward pa r t  
of the wave. Measurements of R were then made on both s ides  of the x 
ax is  fo r  many values o f  x .  The resu l t ing  wave coordinates were made dimen- 
s ionless  with respect t o  the  model diameter and p lo t ted  in  both l i nea r  and 
logarithmic p l o t s .  Representative data  a re  shown i n  the logarithmic form i n  
f igure 22. Each of the  shadowgraphs f o r  a t e s t  i s  represented by a d i f fe ren t  
symbol and the  spread between l i k e  symbols a t  the  same value of 
indicat ive of  the  angle-of-attack e f f e c t s .  The shock-wave ordinate a t  zero 
angle of a t tack  i s  considered t o  be the  average of t he  data  points at  a given 
s t a t ion .  

x/d i s  
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APPENDIX B 

BLAST-WAVE PFSS3JRE DISTRIBUTION 

In the  blast-wave theory, the  solut ion may be constructed i n  a power 
s e r i e s  expansion of ~ / M R ~ ,  where MR = i?& t an  8. (The reader i s  referred t o  
reference 8 f o r  a discussion of t he  blast-wave theory.)  The f irst  approxi- 
mation blast-wave solut ion r e t a ins  only the zeroth power of and the  
second approximation r e t a ins  the  zeroth and f i rs t  power. For the  da ta  of 
figure 8 ( c ) ,  MR z 2.1,  which i s  too low f o r  t he  f i r s t  approximation t o  be 
va l id .  
data  of  f igure 8 ( c )  and the predict ion of t he  second approximation. It w a s  
therefore thought t h a t  using the  second-approximation blast-wave pressure 
d i s t r ibu t ion  might improve the  stream-tube method. For r a d i a l  Mach numbers 
(MR) much below 2.5,  however, the  fo rm o f  the pressure d i s t r ibu t ion  immedi- 
a t e l y  behind the shock wave proved t o  be unreasonable ( f i g .  2 3 )  i n  com- 
parison t o  the predictions of more exact theories  ( f i g s .  8-10). A s  shown i n  
f igure 24, the  range of app l i cab i l i t y  of the  method (region t o  the l e f t  of  the  
appropriate l i n e )  would be severely l imited i f  the requirement 
or even MR 2 2.0 were imposed. Therefore, it w a s  decided t o  r e t a in  the  
s implici ty  of  the  f i rs t  approximation. The pressure d i s t r ibu t ion  predicted 
by the  f irst  approximation i s  approximately that  shown for  a r ad ia l  Mach 
number of 10. 

~ / M R ~  

It w a s  shown i n  reference 8 t h a t  there  w a s  good agreement between the  

MR _> 2.5 
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